Plasmonic gaps are known to produce nanoscale localization and enhancement of optical fields, providing small effective mode volumes of about a few hundreds of nm 3 . Atomistic quantum calculations based on Time-Dependent Density Functional Theory (TDDFT) reveal the effect of subnanometric localization of electromagnetic fields due to the presence of atomicscale features at the interfaces of plasmonic gaps. Using a classical model, we explain this effect as a non-resonant lightning rod effect at the atomic scale that produces an extra enhancement over that of the plasmonic background. The near-field distribution of atomic-scale hot spots around atomic features is robust against dynamical screening and spill-out effects, and follows the potential landscape determined by the electron density around the atomic sites. A detailed comparison of the field distribution around atomic hot spots from full quantum atomistic calculations and from the local classical approach considering the geometrical profile of the atoms electronic density, validates the use of a classical framework to determine the field distribution and effective mode volume in these extreme subnanometric optical cavities. This finding is of practical importance for the community of surface-enhanced molecular spectroscopy and quantum nanophotonics, as it provides an adequate description of the local electromagnetic fields around atomic-scale features with use of simplified classical methods.
Progress in nanotechnology has allowed to control the morphology of metallic nanoparticles at the nanometer and even sub-nanometer scale, 1-5 allowing for development of various applications in plasmonics and nanooptics, such as in enhanced vibrational spectroscopy, [6] [7] [8] [9] [10] improvement of energy absorption of solar cells, 11, 12 optoelectronic circuits, 13 quantum optics, [14] [15] [16] nanosensing of biomolecules, 17, 18 or non-invasive thermo-therapy in medicine. 19 Most of the fascinating properties and applications of plasmonic nanoparticles are based on the tunability of their optical response, along with their ability to enhance electromagnetic fields squeezing the electromagnetic energy down to nanometer scale volumes around sharp tips or at interparticle gaps producing "hot-spots", behaving as effective optical nanoantennas. [20] [21] [22] [23] This is possible through the excitation of localized surface plasmons that couple efficiently to light, allowing to overcome the diffraction limit. 24 The near-field patterns in nanostructures under light excitation strongly depend on the size, composition and shape of the individual particles, along with plasmon hybridization in coupled nanostructures.
Light scattering of nanoparticles of arbitrary shape and size is usually well addressed within a classical electrodynamics framework (with the use of a suitable dielectric function), by solving Maxwell's equations for specific compositions, morphologies and environments. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] When the size or the separation distance between plasmonic nanoparticles becomes of the order of a few nanometers or even smaller, the quantum nature of the electrons emerges due, among others, to the particle-size effect in the electron confinement, [36] [37] [38] [39] [40] the inhomogeneous dynamical screening of the electrons response, 41, 42 the electron-spill out at the metal interfaces, 43 the presence of atomistic inhomogeneities, 44, 45 or even the activation of quantum tunneling 46, 47 across subnanometer interparticle gaps. All of these effects are initially not included in typical local classical electrodynamical descriptions of the optical response, and different levels of approximation have been adopted to address their influence in the response in extended classical models. [48] [49] [50] [51] Among all these effects, the presence of atomic-scale features at the surfaces has not been deeply explored in the context of plasmonics up to recently, due to the intrinsic limitations of most of the phenomenological classical models which do not address the quantum effects mentioned above. A proper description of the effect of atomic-scale edges, wedges, vertices, and protrusions at surfaces requires a complete quantum theoretical framework which includes the atomistic structure of the nanoparticles and the wave nature of electrons building up the plasmonic excitations.
Ab initio atomistic methods provide an appropriate quantum framework to consider the aforementioned effects including the atomistic structure in a straightforward and complete manner, 45, [52] [53] [54] [55] with the drawback of being computationally demanding. Recently, a few works 44, 45, 56, 57 have studied the impact of the atomistic structure on the optical response of metal clusters of a few nanometers and dimers within atomistic timedependent density functional theory (TDDFT) 58, 59 calculations, showing that the atomistic structure at the interfaces of a metallic nanostructure need to be considered for an accurate description of the local field distributions around atomic-scale features. It has been shown 45 that the presence of single atoms, or atomic edges in facets of the nanoparticles allows to localize and confine the near-field down to subnanometric dimensions, well below the underlying plasmonic background. This has enabled a possible route towards photonics at the picoscale, where the localization of local fields in atomic-scale cavities leads to extremely small effective mode volumes, thus boosting the coupling of photons with the electronic transitions of single emitters, 60 or with the vibrations of a molecule in optomechanical interactions. 61 The quantum description of these optical picocavities at the full atomistic level reveals the importance of atomic-scale features. However, such detailed descrip-tion is often limited by the computational requirements, even with the relatively efficient TDDFT methods. Here we propose the use of a simplified local classical approach to address the optical response and the local field distribution around picocavities. By adopting a sharp boundary interface that coincides with the profile of the atomistic distribution within a plasmonic structure we show that a faithful reproduction of the near-field properties of the picocavity can be achieved. The proposed methodology is capable to expose the extreme nanophotonic properties of these picocavities embedded in larger structures, allowing standard methods of electrodynamics to address this challenging regime. 62 The concept proposed here thus impacts nanoscale condensed matter physics, quantum chemistry, and nanophotonics equally.
Results and discussion
In order to address how faithfully a method based on classical electrodynamics can approach an atomistic, quantum mechanical description of the optical response and the field distribution around atomic-scale features in plasmonic structures, we shall compare the results of the calculations obtained within each of the methodologies. We analyse the optical response (absorption cross section), near-field enhancement, and localization in a single sodium cluster as well as those in the gap between two sodium clusters. Our focus is placed on the distribution of field enhancement around the particles strong geometrical inhomogeneities. Na clusters are used as examples of metallic nanoparticles, however our conclusions can be extended to other materials and geometries when considering the appropriate parameters (dielectric function, basic geometry and atomic radius). The quantum and classical approaches used here are described in the Methods section, as well as in the SI.
Field localization in atomic-scale morphologies
First we explore the optical response and field localization around atomic-scale features in isolated particles. To that end we perform calculations of the absorption cross section and near-field distribution in single Na icosahedral clusters. The quantum atomistic calculations adopt the geometry shown in Figure 1 (a), whereas the classical local calculations adopt the smooth icosahedral shape displayed in Figure 1 (b). Additionally, the situation of a smooth spherical geometry with no atomic-scale features is also considered. The absorption cross section obtained from the three models is compared in Figure 1 (c). In the quantum calculation (blue line) we observe a single peak at 3.15 eV, corresponding to the dipolar plasmon (DP) resonance, and a shoulder at around 3.8 eV. Notice a red-shift of about 0.2 eV of the DP with respect to the results reported in Ref. 45 , due to a more adequate material's density provided by the GGA relaxation. In the classical calculation (red line), two clear peaks emerge at 3.20 eV and 3.6 eV, corresponding to the DP and a higher-order plasmon (HOP) modes, respectively. The difference in the energies of the DP mode in both models is minimal, but more pronounced differences can be found in their intensity. Moreover, when smoother geometries are considered in the classical BEM calculations, a dominance of the DP mode and a smearing of the HOP mode are observed (see SI for further details). This explains the presence of a clear second peak in the classical sharp description, compared to the shoulder obtained in the full quantum calculation, rounded by the electron cloud spilling at the interfaces. The spectrum corresponding to a classical spherical particle, of size as sketched in Figure 1 (b) is also plotted (dashed black line) for reference. A single peak corresponding to the DP resonance is observed at 3.45 eV in the smooth spherical particle. The difference in the intensity of the DP arises in part due to the presence of higher order modes in the case of the icosahedral particle. One of the most important aspects of an optical resonator is its capacity to localize its optical modes to the smallest effective volume as possible. In Figures 1(d-g) the field distribution around the Na nanoparticle is shown for two perpendicular polarizations of the in-cident electromagentic field. Results for the fully quantum atomistic approach corresponding to the structure of 380 Na atoms, stable within the DFT energy landscape [ Figures 1(d,e )], are compared with those obtained within a local classical approach that adopts an icosahedral structure that approximately follows the electron density profile of the atomistic calculation. The tips and edges are smoothened in such a way that the maximum curvature of their metal-vacuum surfaces correspond to the Wigner-Seitz radius of sodium (r s = 2.08Å). All the plots correspond to the energy of the DP resonance. Data are shown in the (y, z) plane passing through the center of the particle. The polarization of the incident field is parallel to the y-axis for the plots on the left (d,f), and along the z-axis for the plots on the right (e,g). The atomistic structure is clearly appreciated in the TDDFT results (top row), and as one might expect, there is no atomistic contrast in the classical near-field maps (bottom row), due to the continuous description of the media interfaces within this model. Remarkably, both models describe very similarly the effect of localization of the near field at the atomic protrusions within the particles interfaces (at the tips and edges of the particles), giving rise to pronounced atomic scale "hot spots". These subnanometric-scale hot spots are clearly identified in all the field distributions on top 3 of the plasmonic nanometric background, and they are also correctly captured by the classical local description. One can thus conclude that it is possible to describe the main features of subnanometric localization of the fields if the atomistic structure of the particle is correctly approximated by a smooth and continuous surface. These results set the validity of classical approaches to address the actual local field distribution around atomistic features, even in the most extreme situations of localization. With this result at hand, it can be proposed that atomic-scale hot spots in large plasmonic configurations can be correctly tackled by a proper classical approach which accounts for the geometrical profile of the atomistic structure. We analyse deeper now the physical mechanism underlying this extreme atomic-scale optical localization.
Atomic-scale lightning rod effect
The extra-localization obtained around the atomistic features of a smooth metallic body is sustained by a non-resonant effect that is superimposed on the overall plasmonic enhancement produced by the collective oscillation of the electronic surface charge density in the nanoparticle. At the macroscopic scale, it is well known that regions which expel the electric field and present a pronounced geometrical curvature, produce an abrupt change of the electrical potential, φ(r), in their proximity (large potential gradient), 63 and thus strong induced electric field, E ind , since E ind = − φ(r). The field enhancement following a strong potential gradient due to the curvature of a metallic interface is commonly described as the "lightning rod effect". In analogy to the macroscopic situation, in the proximity of an atomic protrusion, an atomic-scale lightning rod effect is produced which is responsible for the extra localization at the tips and edges of an interface [see sketches in Fig Figure  2 (f). We consider a background plasmonic field E bp , which would be the induced field in a spherical particle without corrugations, and calculate the induced field E ind distribution and intensity around the semispheroidal protrusion for two distinctive situations: (i) a featureless protrusion of very small height (a/b ≈ 0.1) in Figure 2 (e), and (ii) half an atom protruding from the flat surface (a/b ≈ 1) in Figure 2 (f), mimicking the supporting particle surface (of much larger radius). Whereas the featureless protrusion hardly provides any field enhancement (|E ind |/|E bp | ≈ 1), the atomic-sized protrusion produces a three-fold extra enhancement over the incident background field. The full set of field enhancements obtained for all the different values of a/b are shown in Fig 2(g) , which show the quasistatic enhancement of the induced field with respect to the background field, |E ind |/|E bp | as a function of the dimensions of the atomic-scale protrusion (a and b). The simple expression of this enhancement is given in the inset of 
Atomistic plasmonic nanogaps
As pointed out in the introduction, one of the best canonical plasmonic resonators is given by the formation of a metal-insulator-metal (MIM) structure, connecting two metallic nanostructures at a nanometric separation distance, forming a plasmonic nanogap. In order to explore the properties of local field enhancements and effective mode volumes in plasmonic nanocavities, we consider three different configurations of metallic dimers formed by the sodium clusters analysed in the previous section, according to their mutual orientation. The icosahedral clusters present atomistic features and are aligned across the gap in configurations referred to as (i) facet-to-facet, (ii) tip-to-facet and (iii) tip-to-tip, as sketched on the top panels of Figure 3 . Moreover, the separation distance also affects the properties of the system and will be considered as a parameter.
Before analysing the local field and the effective mode volume, it is useful to address the far-field response for each plasmonic gap configuration as a function of interparticle distance, and compare thr results obtained within quantum TDDFT and classical BEM descriptions. We perform calculations of the absorption cross sections for the three different gap geometries, sketched in the upper row of Figure 3 , corresponding to different particle orientations, namely facet-to-facet (a), tip-tofacet (b) and tip-to-tip (c). We trace the optical modes of the cavities from a separation distance of d sep =20Å, to a situation of touching and overlapping of the parti- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Localization of the field cles (d sep ≤ 4Å). For the atomistic approach, within TDDFT, the separation distance has been set as the distance between closest atoms from opposite clusters d sep = d at (see SI for further details). In the case of the continuous classical description, the separation distance is considered as the distance between the closest points of the particles surfaces d c , which includes an additional correction term corresponding to the distance between the center of an outermost sodium atom and the surface of the particle (the Na atoms have been considered as spheres of radius r Na = 2.08Å), d sep = d c + 2 · r Na . The modeling of the overlapping situation within each approach is further explained in the SI (see Figure S2 ).
No further relaxation has been considered for the case of merging particles. An alternative approach consisting in removing subsequent layers of overlapping layers of atoms in the junction has been adopted. The polarization of the incident light is oriented along the dimer axis.
The absorption cross section of all the plasmonic gaps is mainly characterised by the existence of a bonding dimer plasmon (BDP) that slightly redshifts when the two particles approach. 64, 65 This effect is very clear in the classical calculations (bottom row in Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 appear at a similar energy for all the configurations considered.
In the atomistic TDDFT calculations (second row in Figures 3(d-f ) the BDP slightly redshifts as the interparticle distance decreases, and for a separation smaller than 6Å it eventually fades away, indicating that the quantum tunneling regime has been reached. 45 At those separation distances, the charge transfer plasmon (CTP) at lower energy (around 2 eV) emerges due to the tunneling current, even if the particles are not in physical contact (d sep ∼ 5Å, while the interatomic distance is ∼ 4Å). Notice the higher intensity of the CTP mode for the facet-to-facet geometry with respect to the other two configurations, due to a larger particle surface area exposed at the minimum gap distance, which includes a greater overlapping of the electron densities at the clusters gap interfaces. Furthermore, for these short distances the higher-order charge transfer plasmon (CTP') mode is also excited at higher energy (about 3 eV). Notice that for tip-to-facet and tip-totip geometries in Figures 3(e-f) , the CTP' modes have larger relative weight than the lowest order CTP mode, as the tunneling transport of the electrons through the gap is reduced when going through a tip, rather than in a situation of facet-to-facet tunneling [ Figure 3(d) ].
Similarly to the situation of the isolated nanoparticle, we also mimic the configuration of the plasmonic gaps of different morphologies with use of a classical approach based on the BEM. Overall, the optical response cal-culated within the classical approach is similar to the quantum one for d sep > 6Å. For this classical separation range, a larger redshift of the BDP mode can be observed in the classical description compared to what is obtained in the TDDFT calculation. This behavior is also observed for dimers composed by spheres, 64 and it is enhanced here by the extreme geometrical features of our system. This can be clearly ilustrated by comparing the facet-to-facet gap (g) which shows a slight excitation of the bonding higher order plasmon (BHOP) and an intense BDP mode, and the tip-to-tip (i) with a much stronger BHOP excitation and lower BDP presence.
Beyond this classical regime, major differences with respect to the TDDFT results are observed in the 2Å < d sep < 6Å separation range, where electron spilling effects and a strong tunneling affect the optical spectra. A local classical electrodynamical approach cannot reproduce these effects due to their pure quantum nature, even though novel effective approaches have been developed to account for them within extended classical treatments. 48 Finally, for overlapping particles with d sep < 0Å, the pattern observed in the classical spectra, characterized by a distribution of charge transfer plasmons (CTPs and CTP's), reproduces that of the TDDFT results, although the relative intensities of CTP and CTP' are dramatically dependent on the geometry and width of the neck connecting the particles. As far as the optical spectrum is concerned, most of the spectral features are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 well reproduced by the classical approach, identifying clearly the bonding plasmon at the gap and the charge transfer when a spatial overlap is small. The tunneling regime for separations below 6Å requires further elaboration, as shown in the literature. 48 
Extreme effective mode volumes: picocavities
The gap plasmon identified for the three morphologies in Figure 3 is a canonical mode in plasmonics widely exploited as a building block for molecular sensing and spectroscopy. [66] [67] [68] [69] We now analyse the validity of the classical approach to describe the local field distribution and the effective mode volume of the gap mode. We focus on the face-to-tip configuration and analyse the local field distribution for different separation distances within both quantum and classical approaches. We select this configuration because it gathers both tip and facet features and thus illustrates adequately the outcome for each morphology. In Figure 4 , we show the induced field for four different particle separations, namely d sep = 20Å (first row, a,b), d sep = 10Å (second row, c,d), d sep = 6Å (third row, e,f) and d sep = 1Å (fourth row, g,h), have been considered to illustrate the different interaction regimes: weak interaction, medium interaction, strong interaction and charge transfer regimes.
Quantum results are displayed in the left column of Figure 4 and classical results in the right column. In the weak interaction regime, (d sep = 20Å, a,b) the nearfield distribution resembles that in isolated single particles. Nevertheless, a larger enhancement of the field is observed in the gap, meaning that an hybridization of the dipolar modes of the individual particles into the BDP mode also emerges at this separation distance. Classical results reproduce the presence of the atomicscale hot spots not only in field distribution but also in the intensity of the enhancement produced (of the order of 25 fold). As the nanoparticles gap is decreased the BDP gets more localized in the gap [Figures 4(c,d) ]. Both approaches predict the progressive localization of the medium and strong interaction regimes, with values of the field enhancement at the gaps of around 35 fold. Finally, as the nanoparticles overlap [ Figures  4(g,h) ], charge transfer across the particles is produced, expelling the field from the gap, an effect correctly captured by the classical approach. As observed in the comparison between quantum and classical results in Figure 4 , the classical approach provides a very adequate framework to address the local-field distribution around atomic-scale features, even in the extreme siuation of small clusters where quantum effects are more pronounced. We can thus conclude that this classical approach can be safely used to describe atomic-scale features in much larger plasmonic structures, which cannot be directly tackled by quantum methods.
The near-field maps in the charge transfer regime, plotted for the CTP' mode energies in Figures 4(g,h) reveal that this regime can be also correctly captured by means of a classical description. In the case of the TDDFT description (panel g) the charge is transferred through the "gap" due to the overlap of the electron wavefunctions, so that the field is expelled to the surrounding of the gap and the field confinement decreases. The same occurs in the classical BEM description (panel h), where the particles profile follow the overlapping neck of the particles electron density, and thus the field is also expelled to the outside with a very similar pattern to the TDDFT result. Moreover, the main features of the near-field distribution around the tips are also preserved in both models. One of the most important characteristics of an optical resonator is the effective mode volume associated to the resonance modes sustained by the resonator. When an atomic-scale lightning rod effect is mounted on the field of a plasmonic resonance, a slight modification of the field-enhancement and the effective mode volume is produced by the picocavity. As we have illustrated throughout this work, the classical description of the atomic-scale features turns to be a very adequate framework to address the properties of these picocavities. We thus compare now the maximal field enhancement and effective mode volume obtained in the different plasmonic cavities as a function of gap separation distance, d sep . Classical and quantum results for the effective mode volumes are gathered in Figure 5 , for three mutual orientations considered earlier in this work. Maximum near-field enhancement at the center of the gap |E max ind |/E 0 is shown in panels (a-c) of Figure 5 , and the corresponding effective mode volume V eff in panels (df). For separation distances larger than d sep ∼ 8−10Å, the maximum induced near-fields show similar trends for all the configurations with excellent agreement between the quantum and the classical descriptions. For smaller separation distances, the quantum model accounts for the quenching of the local field enhancement produced by the quantum tunneling at optical frequencies, 70 whereas the classical picture provides an unphysical increase of the local field. The quantum description (TDDFT) addresses the existence of a maximum of local field at d sep = 8Å for the facet-to-facet configuration, which is slightly shifted to a smaller separation for the other configurations showing atomic-scale protrusions (d sep = 7Å for tip-to-facet and tip-to-tip configurations), due to a reduced effect of the tunneling in those configurations. In the classical description, the enhancement of the local fields increases exponentially as the gap is closed, with larger values for tip-to-tip and tip-to-facet configurations due to a more pronounced lightning rod effect. In light of these results one can conclude that the classical description of the atomic scale local fields is correct until separation distances of about 8Å.
Along with the maximum absolute value of the field enhancement, the corresponding effective mode volume, V eff for each situation is shown in Figures 5(d-f) . This 1Å panels (g,h) . The most intense resonances are selected for each separation distance. In most of the cases this resonance corresponds to the BDP, except those shown in panels (g,h), where the charge transfer CTP' is the most intense resonance.
effective mode volume gives a good description of the spatial localization of the particular mode, and can be obtained as an integration of the energy of the induced local fields of a mode, |E ind (x, y, z)| 2 , normalised to the maximum local energy, |E max ind | 2 , over the total volume, V tot :
Thus, V eff provides the effective volume in which the field is localized in the middle of the gap. Figures 5(d-f) show the results as a function of d sep for the corresponding configurations and energies used in Figures 5(a-c) .
The dependence of V eff shows similar trends for all the configurations, with slight differences due to the details of each particular cavity. For d sep > 5Å, where the BDP mode dominates the response in all the gap configurations, there is a smooth increase of field confinement, i.e., decrease of V eff , as the particles get closer, both in the quantum and classical descriptions. The classical description agrees very well with the quantum one: for a facet-to-facet configuration [ Figure 5(d) ] a confinement below 10 nm 3 is possible limited by the extension of the atomic facets. An extreme situation is achieved with the presence of atomic-scale tips [ Figures  5(e,f) ]. In such a situation, the effective mode volumes reach subnanometric volumes, below 1 nm 3 . This level of confinement of light is the ultimate limit provided by condensed matter, and relies on the lightning rod effect associated to the potential profile driven by the electron density profile in the vicinity of a protruding atom. An important aspect is that the classical theory correctly describes this level of localization in spite of spill-out or dynamical screening effects, as demonstrated here.
For gap separation distances d sep < 8Å, the mode is quenched due to electron tunneling and thus the effective mode volume increases as the local field spreads out from the plasmonic cavity. This sets a threshold separation distance below which the classical description is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 not appropriate. This behavior depends much on the geometrical details of each particular configuration, as observed from the differences in the blue line of Figures  5(d-f ).
Conclusions
The presence of atomic-scale features in metallic surfaces provides a mechanism of subnanometric localization of light. Unexpectedly, a lightning rod effect at the atomic scale is identified as responsible for this extra localization, induced by the electrical potential gradient produced by the electronic wavefunctions of the atomistic features. When superimposed on top of a nanometric plasmonic resonance, the lightning rod effect acts as a multiplier effect producing an extra factor of field enhancement which is characterized by a further spatial localization as compared to the supporting resonance, and a similar spectral distribution. The effective mode volumes of these atomistic features can reach subnano-metric dimensions thus taking the localization of light to the realm of picocavities which show mode volumes below 1 nm 3 . These results are fully validated by stateof-the-art quantum calculations of metallic nanostructures based on TDDFT which unambiguously show the existence of such picocavities. Our calculations show that a classical model within the solution of Maxwell's equations, where the atomic-scale features are described by sharp boundaries following the profile of the electron density associated with the atoms, is able to reproduce very satisfactorily the field localization and the effective mode volume in relevant canonical plasmonic nanoresonators such as in single metallic nanoparticles and in nanometric gaps formed by nanoparticle dimers. The current work has focused on Na nanoparticles, however the classical description of the atomic-scale lightning rod effect can be extended to other noble metals, such as Ag or Au, widely used in nanoplasmonics, with the appropriate description of the dielectric function to account for interband trasitions in these materials. The validity of the classical approach to describe picocavi- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ties, as demonstrated here, can be of practical importance to many experimental groups in surface-enhanced molecular spectroscopy, and in quantum nanophotonics, as the optical response of many large and complex plasmonic nanosystems can be successfully and appropriately modeled as outlined in this work. The existence of picocavities in metallic surfaces has probably been unconsciously revealed in many molecular spectroscopy experiments, enhanced by the action of surface plasmons, however, it is now, with the use of a simplified scheme as shown here, that the community can start to interpret the effects of atomic-scale features in spectroscopic signals in a compact and simple way by properly addressing the multiscale nature of the hosting cavities.
Methods
We perform atomistic, ab initio calculations of the optical response of the nanoparticles based on TDDFT. 71 For the classical electromagnetic calculations, we implement the Boundary Element Method (BEM) 72 within the framework of the local dielectric theory. We focus on icosahedral sodium clusters for such a comparison, although the method can be extended to other materials and shapes. In contrast to other BEM calculations, we take into account the finite curvature of the atomistic wedges and vertices using for this purpose the material atomic radius as a parameter. The details of these two approaches are given below:
i) Quantum calculation. Atomistic TDDFT : we apply our ab initio atomistic methods to obtain the optical response of single Na 380 clusters, as well as dimers composed of two such clusters. The optical response of this system was already studied in Ref. 45 with the same methodology, however, in the current results a more accurate description of the plasmonic resonance is achieved by improving several technical parameters, as detailed below and in the SI. Na 380 is the largest cluster size for which the global minimum icosahedral symmetry (as described using an effective Murrell-Mottram potential 73 ) is available. 74 This structure 75 was further relaxed using density functional theory (DFT), as implemented in the SIESTA code, 76, 77 within the generalized gradient approximation (GGA), with the use of the Perdew-Burke-Ernzerhof (PBE) functional. 78 This choice improves the frequency of the plasmonic resonance with respect to that presented in Ref. 45 due to a better description of the material's density. The geometry relaxation ensures the stability of the structure and that it corresponds at least to a local minimum of the DFT energy landscape of Na 380 . Subsequently, we obtained the TDDFT linear optical response of the cluster within the so-called adiabatic local density approximation (LDA). 79, 80 Using an iterative scheme developed by Koval and coworkers, 71 we calculate the optical response at the TDDFT level for large systems at moderate computational cost. 45, 57, 71, 81 ii) Classical calculation. BEM: Maxwell's equations are solved within the local classical BEM approach. This model considers homogeneous dielectric functions to describe the response of the metal and the surrounding medium, which are assumed to be separated by abrupt boundaries. The calculations were carried out with the MNPBEM Toolbox. 82, 83 BEM requires the discretization of the boundary surfaces, instead of the whole volume of the different dielectric media. For the size of the nanoparticles studied in this work, below the intrinsic mean free path of conduction electrons in bulk metals, surface scattering effects become important. In order to account for this effect in the classical approach, we include a correction to the freeelectron model (Drude model) following the prescriptions in the literature, 84 with the assumption that surface scattering effects lead to a reduced effective mean free path L eff , which adds a damping factor in the Drude dielectric function of the bulk metal. When specular reflection of electrons at the boundaries is assumed, as in the so-called Billiard model, 85 the effective mean free path is given by L eff = 4V /A, where V and A are the volume and area of the particle, respectively. 86 Therefore, we adopted the Drude model of the dielectric function given by
where v f is the Fermi velocity (v f = 1.07 × 10 6 m/s for Na), and the intrinsic damping term is γ d = 27.6 meV. 87 Other quantum effects such as nonlocality, spillout, or electron tunneling in close interparticle gaps are not considered in this dielectric function. The main geometrical features (atomistic apexes, edges and facets) and shape of the particles considered in the atomistic TDDFT calculation are preserved in the BEM structure, which is modeled as a regular icosahedron with smoothened tips and edges [see Fig. 1(a,b) ]. The radius of the circumscribing sphere of the regular icosahedron is r = 1.85 nm, which is equivalent to half the distance between the atoms placed at the furthest tips of the atomistic structure, plus the Wigner-Seitz radius of sodium, in order to account for the size of the atoms. The tips and edges are further smoothened in such a way that their minimum curvature corresponds to the Wigner-Seitz radius of sodium r Na = 2.08Å. Moreover, this procedure can be extrapolated for comparison with atomistic structures of different shapes and material. The differences between the smoothened and non-smoothened icosahedral particles of different sizes are discussed in the SI. project 70NANB15H32 from U.S. Department of Commerce, National Institute of Standards and Technology, are acknowledged. M.U. acknowledges support from the University of the Basque Country through a PhD grant, as well as DIPC and CFM at the initial stages of this work. M.B. acknowledges support from the Departamento de Educación of the Basque Government through a PhD grant, as well as from Euskampus and the DIPC at the initial stages of this work. P.K. acknowledges financial support from the Fellows Gipuzkoa program of the Gipuzkoako Foru Aldundia through the FEDER funding scheme of the European Union, "Una manera de hacer Europa".
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The Supporting Information is available free of charge on the ACS Publications website. Details of the ground-state calculations using SIESTA. Structure of the atomistic Na 380 cluster and the plasmonic gaps used in the quantum TDDFT calculations and in the classical calculations within the Boundary Element Method (BEM). Influence of the edge rounding in the calculation of the optical response with BEM. Complementary atomistic calculations within classical Discrete Dipole Approximation (DDA). Polarization of the induced field in single nanoparticles. Derivation of the analytical expression of field enhancement in spheroidal bumps.
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